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NEW RAIN RATE ANALYSES TO ASSESS RAIN AIFENUATION
ON SATILI.LITE EllF COMMU.NICATIONS

PAUL. tAIII MAN

Air Voniie (;rophyiti I.ahoralary, IIu o,Ptt A I II, Ahiit haitsellls 01731-50. V.S A.

10, SUMMARY

This paper provides CstiniatesA of the frequency of occurreunce, duration and probability of satellite
I IF coin municat ion- oulages due to attenuation by ain. These can he used to dete imine optimumn

frequencies, power levels and the need for space diversity of terminals or otiler alternatives to maintain
reliable communications. Ten years of I miii rain sates at each of 12 U.S. cities were used in
conjunction with all attenuation model to quantify communication out ages at localions representing a
variety of climatic regimes. Analyses of the I min taii t;ites and outage estimates at It), 30 and 45 (;1 Iz
for elevation angles of 0 , 31r, 500 and 70" are puesCnuted. ,' ,. . " .

KEY woRi)s ElIIF Propagation effects Fading .r "

INTROI)IJCTION rate data for 12 locations chosen to represent a
A ndue to rain is tie major environmental variety of climatic rainfall reginies were analysed

Attenuation systms for this article (rain rates for solid precipitation
cause of outages to satellite comnication systemls

employing EIIF frequencies. Attenuation models represent melted values). The locations, the percent-

have been developed to calculate ,he impact of rain age of ti e it rained at each, and the percentage

on these systems based on rain-rate listributions.I of the rai n data that was missirg over the 10 years

One-minute rain rates are recognized as most are provided in Table I.
Missing data represent periods of rain when chartpractical for these path attenuation calculations, but1 records were unavailable for digitizing. Ilowever,

data on I min rates are scarce. This has prompted hourly totals were available, so it was possible to

the development of models for estimating I mi estmat the wereatae o raintdatapthatlwas

rain-rate distributions.23 estimate tie percentage of total rain data that was

Attenuation of EIIF signals Lan be significant at missing at each location. This information was used
to adjust the rain-rate analyses by using the followingrelatively low rain rates that occur with varying coirrectioti factor:

probabilities just about anywhere in the world.

'iherefore, more precise rain-rate data are required Correction factor - I
for locations representing many climatic rainfall T t f- TM
regimes. With this in mind, Tatlelinan and Knight
describe a method for extracting and digitizing where a'].,7 is te total number of clock hours of

I min tain rates from original analogue rain-gauge ruin aid TM is the number of clock hours of rain

recordings. The method employs modern digitizing that was missing (i.e. not available for digitization).

and filtering techniques to obtain the I in data This correction factor is based on the premise (hat

that are ordinarily unreadable. This method was I min rain rates during the missing clock hours are

used to extract the rain data used to develop the distributed in the same way as the available I min

rain-rate analyses and the outage statistics in this data. This is reasonable since missing hours are

article. 'hlese statistics are presented in the form associated with equipment problems and are not

of frequencies of occurrence of outage events, correlated with rain-rate intensity.

probabilities of outage events, and time durations The data at all locations except Urbana were
between outage events , obtained fron rain-gauge recordings stored at

N('I)C, and are for the period I January 1970) to
31 )ecenber 1979. The data for Urbana were

DATA obtained from the Illinois State Water Survey,
(hampaign, Illinois as part of a USAF contract. s

Weighing rain-gauge recordings for approximately The Urbana data cover a period of 10.25 years from
3(X) U.S. weather stations are archived on nicrofiche I June 1969 to 31 August 1979. They were obtained
at the National Climatic Data Center (NCDC) in using a high-speed weighing rain-gauge recorder
Asheville, North Carolina. Ten years of I min rain- described in tie reference.

0137-2884/89/010023-13$t,6.50 Received May 1988
(C) 1989 by John Wiley & Sons, ltd. Revised June 1988I~
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Tble I . Locl~aioill (fo Whijil il Veal o(:FSf I mill F am il1' ;ii:l w~ele sIliniieu tlle reieerllage ofltille it raills,
and file "eslimedcu petfceFoilige fit thre v;uuu utatl tll.-t is missinlg are plil'red

Pl'tiiirige of tlimeL it rains;

I uui:Fiuui (fit) t:111, Aptr fll, 41(1 Airnual ofr r[rrrr Ch:, lilkiSig

Bomsoi, NIA S 7 6 6 1. I 5- (1 63 2-I0
th'grver, CO) 16101 [7 A1 6, 1' 2-6 2-8 2 7
(;ild j1i1iclioll, C(O 1475 289 2.1 09 2-2 I x 2-6
Key \Vef. 1:1, 3 1.9 1 oI 2 6 2-9 2-A 3-7
New ()rlemis. I.A 1 5-8 3-3 4-5 2-2 4;1 2-2
Ormaha. NF, 3ti 289 5 -) 2-8 4-2 3-7 11-7
Pittsburgh. PA 228 R-6 S.t 3 6 5.5 5-6 7-8
Riuti City. SD 965 2-1 5-8 2-6 2-6 3-0t 6-2
Sani Atigelo, TX 58(1 1-6 IX 9 16 3 1)1 .9 3-2
Santa Naria. CA 72 4 2 1 -1 -. 1 01-9 1X 1-2
Seattle. WA 1201 14 0 6-5, 2-3 7-3 8 1 2-3

11 1iaa I 75 4-7 4-I 2-7 3-6 'II I-2

I Irlk valtic Fe-reS-hi" ('CTcvwui1RC I,( hll uuyr arIiumnl I li-

A NA LYSFES 01: ON F-MNI I f1:Rl F S R~inai,r thiI1(lio/ jiibauiiis

The anaIvses of I miin rites presentecd here ire For Fmanly design conisiderationts it is more prartical
intended pimarily to assess thle impart (if rain to express the likelihood of everits iF) ltrs oif
of) IF saicllite coninfinlicat ions. Most previous. their probability. The Poisson (liSi ibitioin is all
stide I(li f shorl-ta-lFFtion rain rates for mse in) appropriate tool for juantifying ratidmu evetits,
at Icriat joli models Provide data inl tile forml of ;licit as rainfall occimrieces, if thle evet-, in any
ainil raii- rate frequiencies oif o(iiF-Frerce. Iflow- ltme interval ire statistically independent of events
ever. aminil statistics can lie very ileidinig liecaiie iii another limte inter val. Int this case, rain events, (if
critical rtes arc concenttratedt in (iiliy a few, 010011( 5, MI 15. N1 alld 311 min dirafions, have been Chosen,
of thle x-ear at miost locaitions. A ow annual frequeciiev and il te ltle iriters-al is a specified moth (if
of (cictiie (if a crtical rtiiii rite ran lie intolei ably, file N-ear (e.g. Jitl). Sirnce tiese rain events are
high in these mionthis. Althouigh :iirrral raiin -rate indlepeindeint flom Vear to year. tile probality. r.
I'Velplei of oict-rn rece -re pireented for ench of v- rainl events, inl a iliunili caui lie cak-irlted 11sing
location rlirlied. nruotihlvfi or easollll rain-i ate the( oison criialiui
slat ic ;i(~ re preferable filr aes ing ( irillact of
attenliatiori calused byN raill. NO~- --

Irer e x is thle n11IIa nmber of events, per Imorith.
Rarair d,,rtjr, firquencies of oH U -fil u'i therefor e. Ilie proliabilityv of tit least I- occerirrcmes

'ifhe annu11al average nulmbers (if nicnlirrence (if a (fI anil event is
given rain rate for six dutration litimes% are providledlv
foi rcht location in Figure 1. R ain rates are equarlled /'(af lea3st V) 1 -- ' (7~)
or esceeded (hiring each inutle (if lit- peeiiel
(ilation . Acltat frlequecies oif occnnr ee aire ( nc -mnilllte rainfll1 rates versus- dilrationl and (lie
plotterl forl every 0t-0Itirii/ii rate till to I W1) miiiI' protaiality of at least tite occunene (fllning tile
miri. and)( for every 01 mi)nini thereafter. Vabres- "Iorst Ilonthl are provided in Table1 II. Rates.
plot ted for a freqprry of ocerii-rrne oif If) FoFrespiirruing to tive prurtiatilit y itf at least1 t bree
representl tile highest rate that1 was equalled ort FwrI-ri ee thu ing thle \'Fist mlonthl are Provided
execereed for tife specified(l liratiort. in I able Ill '1 ie wuit sil (mloqt sevei ci ilioirill a

Mot lhiy average mnim (if occ-'rerices oif aI milijectiveky chosen as- generally repriesentative oif
given rinrae for six ciffeent dilrationl timesc the~ highest raiiii rates for eacti probialility and
are provided for tive worst (rio-t extremie) mlonth Fliiin R ~ am rate- for somie probiabilities arid
at Cacti loe:'tion inl Figurte 2 Val1e" mre plotted ill drurationcs may tie higher in (ither "iouiths. 'life 0I-1
tile same mariner as in Figure 1. ]'le worst rIlorili ari1d 01-9 Problabnilities in tile tables Call be use-,d tni
ait erch locntion was sril';ectively ctii,;n i (ton all Itrt ?hilflc le var iaiihy of rain rates over thle 10
tive iriuiriliy pllts tl gRerlllV rv'-vcli; Ille trIlist %-e:it ri i d.

!r~~r~.'~'~of ucuitrelrec (if ralin rates- firm alt I ;i('le IV pre;euts tire loiigcs liriatioir at oir ablove
dulrations. Frequenrcies (if o-crirreiice for somic raitcs qpccifiei ltiresholul rain rates and file mnth (if tlie
and ditrations my lie iiigtir'r ii oither nirths l-vr tirt it occimrd. Since thiese ar- tile most
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ext remne occul~rcices iii 10) years (10-25 yeas i 999 -tFII rr-r TItf--1IIt TT T r--

Hi rbanla), file prtl)aIlify that they would occur n 91
that niIItIIII ill any oiie year is approxillately 0.1.9 BSMMtIO y,

99 5 rrwr EVENT DURAI IN

TIi/Pie betwni gevs9
I- 9

To1 mle compiletely assess tile impact of all APAL t f rni

attilatioli outage (lie it) raiun, it is also ilipjlamn RAT E
to kniow how sooIn ltontage may iccur. illiat is it 5rnml 9

Id 4 0it is raining at or above i Citical rate anid theni 3
diops below thlat rate, what tine period would 2

cI;II)se licture tile crtical raiji late was exceeded 1 0 OZ- 114)

agaiii? We call (fie pci iod of lttie between occurl- I 05,
relices of specified raiii rates tlite lttiie betweeii 01
evellts (huE1). Fi; this situdy, we considered five05
tlhshld [aiii rates, 0) 10, 0.25, 0.5f1, 01-75 and02

I -04 unul/i, which were equalled oi exceeded fot 0005 ** ~
cacth 'f 5 (and 10) coiisect iic mini. Ali event was iot lot ji' o;
Considered ito occur cachi lime lte laiii rate exceeded ihr Iday *odys 30days

tile given thieslitld for tile given tIilalill. Wheni TIME BETWEEN EVENTS (mins)

an event occurls (e.g. aI late of at least I 1ll innini 9999
for five consecutive miinutes), what is tlie TBE' util 9"
this event iecnris? 998 BOSTON

95 SUMMER t lyrs)
The TBi-s at each location were deteilniiied for 99 1-min EVENr DURATION

cachi iiictorologcah season (e.g. Soimmiier is .lile, 9

Jully and August). The Iiist and last 'll-- s for eacti 9
9

seasoni WCie determnlied by scaniiig upl to It) (lays
p~rior to lte biegining and after the end of thle
seasoni. F-or example, if lite fitst event ocetied (t 6 RAINFALL (No of Events)55 June, the first TBF is (ltiijedl by looking back U. RAT

upl to 30 days to tlie previous event atl thlat thiteshlld 1 1

rte anid durattoti. If ther~e wa'is no prior eveint withiii
lte 31) day scan, lte Till is cotisidered to he greater x;-, 05*59
than 30) days aiid is lumped wvith; other j3'I'ls gte;-''- 2 9

thlli 34) dlays. 005~

Continuing with this examipe, if there wvere no 00201other evenits for (lie remainder of Ilite summier 00

sealson, thle scanl stops on 31 Augitst aind a, secondii 00011,30-- kId~t.L..L1

111F. greater than 30 dlays is recorded. If, lioweveilo 01 0 01
a recurreice happened onl 34) Augnst, atiollier 1 lBF TIME BETWEEN EVENTS (mins)

greater than 30 (lays is recorded antd tlie scani I igoo .1 ( CiItIi lte pi 4)taItiliiy disi (11)111 1(o l~timel be I wecii

continues until lte next event, or unitil 29 Sep- evellits e.Ilcgortucd by riaii ilmensily aIi titisn duting lite

lemie, to1 deteriite thle last Tll IF. If thle re are no II IIC CCS)I 11(i)5111 1141aeli tol th Md(r (i11
moire eveints, there are three Iili-s all of which ail
greater thiati 30) days. If there are no evenits (fililing
ani entire season, a 'TIlE is not tallied. For IlEs OUTAGE ESIMATES
upl to 34) dlays, lte exact tlime peiiodl is recorded.

T[he cuiiulative probability disttibuitions of 'I11F Oi(rdinarily, attenuation models are used to deter-
for Boston, Key West and Urbana timin tg lie season ine path attentiatioti given thle point rain rate. For
with lte greatest niuiiber of events (suriinicr) ame this exercise, we reversed lte order of calculation
provided in Figures 3, 4 atid 5. Data are not bly determliin~g critical rain -rates that would cauise
provided if at locatiotn did not have at least eight al ititage for a specified total pathI attetatiot
occuirretnces of aii event. T[le nutmbers oif evets (if 15 dl1i at 1(0, 30 and 45 Gtlz. The USAF
indicated ill tile Figuires are for I0) suimmer seasons FI ~vironmiental ecihnical Applicat ions ('enter

at Bloston and Key West, and 11 surniler seasonls ( hilA ) , Systems Support Section, provided critical
atf U.rbania. 'The probabilities on tile orditiate iiidicate raiin rates based oti lte model developed by Crane.1
tile likelihood (if an evetit recuitig wi(tin lte TIhe propagation path length thr~ough tile rain was
indicated 'THE. For example, iii Figuire 3(a), lte dcttnined using meat monthly freezing levels above
1)rIohaliy oif a TlE (of oiie (lay ort less for a thle ground for lte locations atidl months in TFable V.
5 tinl event wil t i a ralin rate (of 0- It) hiiii/tlin is 'I 'his table specifics thie critical rain rates for the
approlximaitely (0.4. iiidicaled path elevation atigles at each location.
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.9995..9995
KEY WEST .99 URANA
SUMMt EER OURAIO StJminEA~~VEN URI

9%-aat EWNTn EVENl"AitiN9

l Evoialq) .

(D RAI NALL (No n(Evma n)

5 01

I /.. 010 (1 35) 1 o

0003 
002

002 ()
0" 000 -4Li .- Ji ii..I) 1~J
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for frequtencies of If), 30 miid 45 (A lIz. Thle iiiber Imraes as low as ()011I rm/ruitin (at 4S ( l it) at
of out11ages fo r each dItialIioni deci cases i apid ly Will i 501IC loca ltins.
increasinig e Icvat itl n: . T ita patlli alt cii iat ion is al1so greatliy influe nced

Tables X and Xl provide probabilities of at least by like height of tile ficezirig level, above wbikch file
tliiee otages duec to rain) in tile worsl rnloiill for alttiiatioii fioii ice mid~ sniow is ntegligible. Frceopiiig
durations of 1I), 201 and 301 min at 30 and 45 ( fIl, levels are lowest in the wittiter so that a much higher
I lere agaili, tile elevatioii angle has a profomnd iaiii rate would Ibe requrired ito produice anl outlage.
inilltieiice oil file likelihood of an otage. At It) GIl, (I)f course rajii rates are generally riiuch lower durinig
tilie only It ca tiio Willi aI pr ohabilily greatIcr t hia n tile Winter m1oltlils, fuit lietr iitiuuizinig ( lie li ke lihood
(101 of t(Nee outages is New Or leans, which has at of ifa outage. Because miii rates and freezinig levels
probability of at if) miin outage of 0-1 ;iat 10'~ and are highest durinig tile warmest months, design of
0.02 t at 301" elevationi atngle . satellite 1311 ctiimiminicatikiiis should be based onl

Aiiolter important consitleialioti is tlie iiiterval conlditionls diurinig [lie mouth of thie yeai when [lie
betweenl outages. The inlforiiiation contlaitued in) pmobability aIid dtiratiol tif otages is greatest.
Figures 3 5 cani be used to obtain sonic valuiable Animial statistics thiat iiiclude fihe very low otage-
insight onl ltle between outage eventis lastinig .5 or iohabulily Wilier mlonths coiiceal thle teal impact
10 min. F~or examiple . in Figmei 30 ) for 5 milt rain tic litam atteiumititkillo opet atiolls.
eveiis in Boston (summer season), cuiiulative The new rain-rate data anialysed for tis article
probability of ltme b~etween eveits ('lBE1) is plotted enlabled a m1ore detailed assessiiietl to bie niade of
for 0-10I and (0.25 nim/niin. These can be used t tile lriobalilities and duirations of satellite El IF
estiriiate the 'I BF for thie critical raini rates oif 0I- 12, ctuiirllcalitni otages tite to atlenuatloli by iaii
0-21) amid (-27 in ni/inin ftor ce va tioni amigles of 301', l imait has pre v itiil y beeni availIabIle . Althiouighi onlIy
5ir aiid 70', respectively from Table V. Abmnit 11) 12 It iations were situdied, they represent a variety
per centt of thle events during tile seasonj will recur of climatic regiimes. Tlhe resuilts may provide a
within 10l min of another event. Bet ween 21) and 25 reasonable indication of rain-event characlei islics
per cent oif the events rectir within ;nitii til at Withet locations Withi simiilar climates. We are
anothier event. coiiiing t our reseateli tin raiii rates by expandinig

At Key West (Figure 4(a)), about 20 pei cent (of tilie number of locations sltudied to about 40, thieii
thie 5 mini eveints at critical raini rates for elevat it n tdevelopinig aii enipimcal model to estimate satellite
angles of 30', 50' amid 700 recur wit lii iaiilt it r tof ct )l ii mon ica t it )litilIages ftor aniy Itocalt in of ctonce rn.
aimtthier evenit. At Urbana ( Figure 5(a)) 301 to 40I
pler cent of the 5 ruin eveiits at critical raini rates
recuir withiii aii hour oif anotheri eventi. AC INt WLU .lGI;thlN IS

I amn gr-ateful to Kathryn Schairr, Keviii Larson,
SUMMARY AND) CONCL[USIONS Andly Mazzella mid Janies Willarid ftor their data

Analyses tof 10I years of I min rain data are p~reseintetd I 1A( ) fir prucessin t h d Gtc lan rts (USAto
for 12 UJ.S. locations (10(125 years at Urbana). TIhese Mis.) fo leln ocsI and Mrs.ca ai rly atemid fo

analyses canl be used to) determinie thle frequency tyis.li the mucipt.n rs aoy Fde o

tof ticcurireces tof outages, their durations, aidmtll ie lalucit

probbil it ies baised toi critical ra iii rates cauisi rig aui
outiage. 'hule criticall faini rates cali be tleerinietlRj 2 jIEd
tisi iig aii a Itcii ua tii nt Ic Ide, such as tile to ie I ItK ('rai.: ieu.dioihmn iotttttatiumt by rai'. 1 Fuits.
developed by (lanle.Ioftmi. M-8(9,1717318i)

Based on filie Cim e nitodelI, critical ra in rates 2. P 'hIiiidiimaiit d K. 6~. Scir r, 'A inw dct Gir estimaiting tine-
were tieletininetl ftor vanitis e leva tit nigles fo i mlint tin raIIt~t es', J. Clhiate "ied Appi. At'ii'ir.. 22. (9),

fie(tmices o 11) 30 id 4 GI z mi I fde mighi I 11 7. 15841 (198.1).
fret ti iiiest~fIII 31 a itl45 l~ a id fae m i in 1 . I 'l.llma andiI 1 ). 1). ( rimhtL1I, 'A review oil mouldskt lot

of 15 (11B at filie 12 It ca lit n s sI i itld - ( )i I ge Marlist ics cst iing I-11111 imintatt rates ftot mimroave aul tien 11

were estimated for each ltocat Ion usiiig these and cIIl'idtitfs 11- E: Trns. Cipitimui, (081-33. (4), 361- 372

tilie I mini ra iii-rate ii alIyses. The resuilts shitw filie 4. 1'. "1 ai etimiIn andI( 1. W. K nightl. 'Analtyses of one- mlin rain
pit fi u il ini l te iice of Ilie dC va lfit n angle tf iflie r;tic. Cfcxl rcet Irmll weigtimg intgauge reColini~gs'. J. Api.

p~ropaigation) path 4)11 thle quarility anid (tiratiori of Afi'ieormfvg), 27, (M). 928 9.38 (Mg8).
tillages I Aiwerelevtionangls gratlyincrase ~re 5 1). Nt. A. l imes aii W. NJ. - coitaitd, 'Some stlk~lics of
oulages.Lower eevalicii angle greali tntras tile nla llSo Iecililli 411. J. C hirae and. Ap. Aler,o,

path length through thie raini, Withi outages resutiliig 23. 1273 -1285 (1981).


